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ARTICLE INFO ABSTRACT

Keywords: Oxidation of nitric oxide is one of the main steps in the Ostwald process for industrial nitric acid production.
Nitric oxide This work summarises the use of y-Al,O; supported Ru catalyst to study the oxidation of NO to NO, at ambient
Oxidation and 4 bar pressure with a feed of 10% NO, 6% O,, 15% H,O, and rest Ar. The catalyst was synthesised
The Ostwald process

using wet impregnation and characterised by BET, CO chemisorption, H,-TPR, XPS, XRD, in-situ XAS-XRD and
DRIFTS. We report the activity and kinetics of supported ruthenium catalyst for NO oxidation under realistic
nitric acid plant conditions. The catalyst exhibited a promising low-temperature activity of 72% at 340 °C

in complete nitric acid condition and 37% at 420 °C in partial nitric acid condition. An apparent activation
ky-Kg.PY,-Po,

XAS
DRIFTS
Ruthenium

energy of 152 kJ/mol was observed and the overall rate was determined to be r = : , where k, and
K represents forward rate and equilibrium rate constants respectively. The reaction was found to be second
order with respect to NO, first order with respect to O, and inversely dependent on NO, partial pressure. The
stability of the catalyst was also tested during 45 h of isothermal NO oxidation at ambient pressure. From
in-situ XAS-XRD and DRIFTS experiments it was revealed that during isothermal NO oxidation the reaction
oscillates as the ruthenium surface goes through redox cycles. A plausible reaction mechanism that fits with
our experimental observations and the oxidative nature of ruthenium is proposed. This study demonstrates and
explains the capacity of supported ruthenium catalysts to oxidise NO to NO, in industrial nitric acid production
conditions.

1. Introduction Modern nitric acid plants are either mono (7-12 bar) or dual-pressure
(4-5 bar for ammonia oxidation, NO, absorption usually at higher
Nitric acid is a corrosive mineral acid, mainly used to produce pressure, 10-15 bar). The gas composition after ammonia oxidation
nitrate fertilisers, an essential that dramatically improves the agricul- (Eq. (1)) contains 10% of NO, along with 6% O, and 15% H,0 [3-5].
tural output in modern agrarian systems [1,2]. Commercial nitric acid
production uses the Ostwald process, which consists of three important
chemical steps, (a) catalytic oxidation of ammonia using Pt-Rh gauze
(Eq. (1)), followed by gas-phase oxidation of NO to NO, using series
of heat exchangers (Eq. (2)), and finally NO, absorption in water to
produce nitric acid (Eq. (3)) [3-5].

With such oxidising and corrosive conditions, the development of stable
catalysts is challenging. The gas-phase NO to NO, oxidation reaction
(Eq. (2)) has an inverse dependence on temperature and thus, low
temperatures favour NO, formation [3] and the product NO, starts to
decompose to NO and O, at temperatures above 275 °C [6]. Hence,
designing an industrially relevant catalyst for NO oxidation at these

4NH; + 50, — 4NO + 6H,0 AH, = —-907 kJ/mol (@) conditions will require a catalyst that can attain equilibrium conversion
at lower temperatures for higher energy recovery [7]. Industrial use
2NO + 0, — 2NO, = N,0, 4H, = -113.8 kJ/mol 2) of catalysts for oxidising NO to NO, has several advantages, (1) it
decreases capital expenditure (CAPEX), (2) thus reducing industrial
3NO, +3H,0 — 2HNO; +NO  4H, = -37 kJ/mol 3) footprint, and (3) enables significant-high-quality heat recovery [7].
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Apart from the earlier publications by our group at dry nitric acid
conditions [8,9], wet nitric acid conditions [10] and Grande et al. [7],
only a few other early patents discuss catalytic oxidation of NO to NO,
at conditions relevant to nitric acid production [11-13].

A large body of existing research on nitrogen oxides is focused on
catalytically oxidising and reducing NO at diesel exhaust or low NO
concentration conditions, typically 0.01%-1% of NO and 0.1%-20%
of O,. Various catalysts, ranging from metal oxides, noble metals, and
perovskites have been investigated at these conditions [14]. Pt is one
of the noble metals that has been extensively studied for NO oxidation.
Salman et al. [8] also studied NO to NO, oxidation at ambient pressure
in the absence of water and reported zero-order on NO partial pressure
and half-order dependency on oxygen. A Langmuir-Hinshelwood model
was proposed with the NO, desorption step as the rate-limiting step.
However, Mulla et al. and Weiss et al. [15,16] reported reaction orders
of 1,1 and —1 for NO, O, and NO, respectively. Olsson et al. studied
both Langmuir-Hinshelwood, Eley-Rideal and a combination of both
models on NO oxidation and reported that there is not one true model
for NO oxidation on alumina-supported platinum catalysts [17,18].
Under strong oxidising conditions, platinum tends to lose its activity
due to the formation of platinum oxide [19]. A typical feed composition
after industrial ammonia oxidation is 10% NO, 6% O,, 15% H,0 and
rest N,, which is strongly oxidising conditions. As a result, platinum
catalysts are not so reliable for NO oxidation at these concentrations.
In addition, the high cost and limited availability of platinum make it
a bottleneck for becoming an industrial catalyst for NO oxidation at
nitric acid conditions.

Supported ruthenium catalysts have been widely used and re-
searched for ammonia synthesis, and NO to NO, oxidation at low
concentrations of NO and various other oxidation reactions [20-23].
However, to the best of our knowledge there is no research published
on supported Ru catalysts for NO oxidation at industrial nitric acid
production conditions. This paper reports the NO oxidation activity
of y-Al,05-supported Ru catalysts at conditions relevant to industrial
nitric acid production. Supported Ru catalysts presented promising
activity at ambient and 4 bar pressures. In addition, activation energy
along with reaction orders with respect to NO, NO,, O,, and H,0 were
investigated at ambient pressure, and a suitable reaction mechanism is
proposed.

2. Experimental
2.1. Catalyst preparation

The ruthenium catalyst was prepared using wet impregnation. Com-
mercial y-Al,O; (Alfa Aesar GmBH) pellets were crushed and sieved
to 53-90 um sieve fraction. To prepare 0.5 wt.% Ru catalyst, the y-
Al,O; support was impregnated in one-step by calculated amounts
of RuCl;-xH,0 (Sigma-Aldrich) in de-ionised water. The catalyst was
dried in ambient air at 120 °C for 12 h and calcined in a flow of
synthetic air (50 N cm?/min) at 400 °C (heating rate of 5 °C/min)
for 2 h and subsequently cooled inside the calcination reactor. The
calcined catalyst was again crushed and sieved to 53-90 pm sieve
fraction. The catalysts are designated as Ru,, where x corresponds to
the conditions that the catalyst samples are subjected to and are defined
in Table 1. Fig. 1 depicts different programs and conditions the catalysts
are subjected to and how the catalyst samples are designated. Fig. 8(a)
presents program and catalyst sample designation for in-situ XAS-XRD
experiments.

2.2. Catalyst characterisation

Elemental analysis of the as-prepared catalyst was determined by in-
ductively coupled plasma optical emission spectroscopy (Agilent 8900
Triple Quadrupole ICP-MS (ICP-QQQ) with SPS 4 Autosampler). Prior
to ICP analysis, HCl (6 ml)/HNO;(0.1 ml) was used to mineralise the
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Table 1
Ruthenium catalyst samples (Ru,) designation.
X Definition
F Fresh sample
C Calcined sample in air at 400 °C for 2 h
SP Spent sample
LT Longer isothermal run in a feed of 10% NO, 6% O,, 15% H,0 and
rest Ar at 350 °C for 45 h
ST Short isothermal run in a feed of 10% NO, 6% O,, 15% H,0 and
rest Ar at 350 °C for 3 h
Red Reduced sample in a feed of 5%H,/Ar at 400 °C in a temperature
ramp of 50-400 °C
NO Subjected to a temperature ramp of 150-450 °C in a feed of 10%

NO, 6% O,, 15% H,0 and rest Ar

samples for 60 min at 250 °C in a Milestone UltraWAVE microwave
digestor.

N, adsorption was used to measure the specific surface area of the
catalyst samples. 100 mg of each sample were degassed at 200 °C
overnight in a VacPrep 061 Degasser before transferring to a Mi-
cromeritics TriStar II 3020 Surface Area and Porosity Analyser. Specific
surface areas and pore volumes were calculated using BET and BJH
(desorption) methods at liquid nitrogen temperature (=196 °C).

Ex-situ X-ray diffractograms for the catalyst samples and the support
were obtained using a Bruker D8 Advance X-ray Diffractometer (D8
Davinci) at 40 kV and 40 mA, using the wavelength of Cu K, radiation
(1.54060 A). The diffractograms were recorded in the 26 range of 5-75°
with a 0.1° slit opening.

H,-temperature programmed reduction (TPR) was performed using
an Altamira Bench- CAT Hybrid 1000 HP in a U-shaped quartz reactor
in order to verify and tune the catalyst reduction/pre-treatment proce-
dure. Before TPR, 100 mg of the catalyst was pre-treated with a flow
of argon (40 N cm?/min) at 150 °C for 30 min with a heating rate of
10 °C/min. The reduction was performed as a temperature scan from 50
to 400 °C with a heating rate of 5 °C/min with a flow of 40 N cm?/min
of 5%H, in Ar.

CO chemisorption measurements were recorded using a Micromerit-
ics ASAP 2010S unit at 30 °C for fresh and spent samples of the
catalyst [24]. Rug ¢ .4 catalyst sample of known weight was loaded
into a U-shaped quartz reactor and the bed temperature was controlled
using a thermocouple. Before chemisorption, the sample was dried at
100 °C for 30 min. The isotherm was measured in the pressure range
of 150-400 mmHg. The Ru dispersion was calculated based on strongly
adsorbed CO, assuming an adsorption ratio of 1 for CO/Ru [24,25].

X-ray photoelectron spectroscopy (XPS) was used to study the ruthe-
nium surface species present on the catalyst. A few milligrams of the
catalyst samples were mounted on a carbon tape and an Axis Ultra?LP
XP spectrometer (Monochromatic Al Ka radiation with hv = 1486.6 eV)
from Kratos Analytical was used for the analysis, with a sample analysis
area about 700 x 300 um. The pass energy and step length used for
measuring the survey spectrum are 160 eV and 1 eV, respectively. For
measuring individual core levels, a pass energy of 40 eV was used and a
step length of 0.1 eV. Charge compensation was applied during spectra
acquisition and the binding energy scale was calibrated to the Al 2p
component of the y-Al,O; support at 74.5 eV. The data treatment for
all collected data was performed using CasaXPS [26]. The line profiles
for oxidised and metallic ruthenium as found by Morgan [27] were used
in the fitting of the ruthenium components. Fig. S24 presents the survey
spectrum of all analysed catalyst samples and the y-Al,0; support. A
trace amount of Cl was detected for most of the samples including the
y-Al,O5 support.

In-situ X-ray absorption spectroscopy (XAS) experiments at the
ruthenium K edge (22.1172 keV) were carried out at the Swiss-
Norwegian Beamlines (SNBL) BM31 at the European Synchrotron Ra-
diation Facility (ESRF), France. The experimental setup is presented in
Fig. S4. A quartz capillary of 0.1 cm internal diameter was loaded with
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Fig. 1. Designations of 0.5 wt.% Ru on y-Al,O; support (a) during NO oxidation as a function of temperature and (b) during short and long isothermal NO oxidation.

5 mg of Ruy - catalyst sample with quartz wool on either end of the
catalyst bed (bed length = 1 cm). The reactor was then mounted in a
custom bracket and exposed to X-rays, with the capillary temperature
controlled using a hot air blower. A dedicated setup with mass flow
controllers was used to feed desired concentrations of NO, O,, and He
(WHSV: 24,000 N cm?/g,,, h; 0.5%NO, 1.3%0,, 0.75%H,0 and He
balance). To feed water, a sparger system was used assuming complete
saturation of oxygen and helium gas mixture. To avoid gas-phase
conversion before the bed, a tube in tube of 1/64” was used to feed
NO, such that oxygen, water and helium meet NO at the inlet of the
catalyst bed.

In-situ X-ray diffractograms (XRD) were collected with a Pilatus
detector (Dectris) using monochromatic radiation (4 = 0.25 A). The
instrumental peak broadening, wavelength calibration, and detector
distance corrections were performed using a NIST 660a LaB, standard.
In the In-situ XAS-XRD programme is described in Fig. 8. The catalyst
sample was first reduced in a temperature ramp from 50-400 °C (ramp
rate of 5 °C/min) in 5% H,/He with 2 min dwell at 400 °C, before
being subjected to isothermal NO oxidation with 0.5%NO, 1.3%0,,
0.75%H,0 and He balances at 350 °C. X-ray absorption near edge
structure (XANES) profiles were recorded during the reduction temper-
ature ramp and isothermal run at 350 °C. Extended X-ray absorption
fine structure (EXAFS) was measured before and after the reduction
ramp and isothermal run in 100% He flows at 50 °C to analyse the
local environment of ruthenium for fresh, reduced and spent catalyst.
A lower concentration of NO was used for the in-situ studies due to
the safety constraints at ESRF. Furthermore, compromises were made
due to limitations in the flow ranges of mass flow controllers and the
reaction space velocity. For identification and visual comparison pur-
poses of different ruthenium compounds, the Materials Project database
was used and is presented in Fig. S13 [28-31], verifies the absence
of RuO, during NO oxidation. Also, the edge step of Ruy ¢ ., and
Rugp c req catalyst samples were the same, which confirms that RuO,
was not formed. For EXAFS fitting in Artemis, two ruthenium standards
were measured. The EXAFS of ruthenium foil (Ru®) and RuO, (Ru**)
(Sigma-Aldrich) powder were measured ex-situ in transmission mode.
Ex-situ X-ray diffractograms of y-Al,05 at 50 °C was also recorded for
comparison of diffractograms.

In-situ diffuse reflectance infrared Fourier transform spectroscopy
(DRIFTS) was used to analyse the surface changes on the Rup ¢ geq
catalyst during NO oxidation. The spectra were collected using a Tensor
II spectrometer (Bruker Optics), equipped with a liquid N, cooled mer-
cury cadmium telluride (MCT) detector and a Praying Mantis diffuse

reflectance accessory (Harrick). The reaction was performed inside the
Praying Mantis high-temperature reaction chamber with a special flat
dome with a KBr window. The inherent dead volume of the reaction
chamber was reduced by filling the voids with SiC (1190 pm) and thus
reducing the gas-phase conversion to 10% at 350 °C. Due to the cold
spots inside the reaction chamber, NO oxidation was conducted in the
absence of water vapour. 50 mg of the Ruj ¢ g, sample was loaded
into the reaction chamber. The spectra were measured between 4000—
600 cm~! with a spectral resolution of 4 cm™1. Prior to the reaction,
the background/reference spectra were collected with 32 scans on the
Rup ¢ geq catalyst at 350 °C in 100% Ar (WHSV: 24,000 N cm3/g,,, h).
A step-response experiment (as presented in Fig. S18) with a 6 min
duration for each step was performed on the Rugc g, catalyst to
identify the types of surface evolving species in the presence of NO
or O, in Ar at 350 °C. Isothermal NO oxidation was also performed at
350 °C in 10% NO, 6% O, and balance Ar (WHSV: 24,000 N cm?/g,, h)
for 30 min. Prior to the isothermal NO oxidation, the catalyst samples
were dwelled at 350 °C in 100% Ar for 30 min and respective DRIFT
spectra were collected. After isothermal NO oxidation, DRIFT spectra
were collected at 350 °C in 100% Ar for 30 min. The outlet gas
composition of NO, N,O and NO, was monitored using an infrared
gas analyser (MKS MultiGas 2030-HS FTIR Gas Analyser, 5.11 m path
length).

The Multivariate Curve Resolution-Alternating Least Square (MCR-
ALS) package in Python (3.10) was used for analysing the collected
DRIFTS data and XANES data for the catalyst during the isothermal run
to obtain distinct components in the data [32]. A Savitzky-Golay filter
from SciPy was used for representing an extract of contribution plots
obtained from MCR-ALS for XANES data [33]. Athena and Artemis, part
of the Demeter software package, were used to analyse all MCR-ALS
extracted XANES components and EXAFS [34]. EXAFS data of Rur ¢ .4
and Rugp ¢ ., were processed in Athena first, with the input parameter
for background subtraction Ry, to be 1.1-1.3 A. Artemis was used to
fit Ru®, RuO,, Ruy ¢ g,y and Rugp ¢ gy Ru-Ru and Ru-O paths in k-
space using k,, = 3 and fitting window of 3-15.1 k, to find respective
coordination numbers for shells in the R range of 1.0-4.0 A.

2.3. Experimental set-up for catalytic activity measurement

The experimental set-up and reactor details are given in our previ-
ous publications [8,9]. To summarise, an illustration of the experimen-
tal setup is presented in Fig. S1. All reactant gases for catalytic testing
(NO, 0,, NO,, H, and Ar) were obtained from Linde-Gass AS. Water
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vapour was controlled and fed using a controlled evaporator mixer
(CEM) from Bronkhorst. All gas lines before and after the reactor are
preheated to 200 °C, to ensure no cold spots for water condensation.
A back pressure regulator was introduced downstream of the reactor
to conduct experiments at 4 bar. A stainless-steel tubular reactor of
9.7 mm inner diameter was used for activity testing. The catalyst bed
was loaded with 0.5 g of catalyst and 2.75 g of SiC sandwiched between
wads of quartz wool. SiC was chosen to be a diluent as it is inactive dur-
ing NO-oxidation [8]. For heating the reactor, a heat block is used with
four cartridge heaters controlled by a Eurotherm. Two thermocouples,
T, and T, are placed in the catalyst bed and heat block, respectively for
precise control of the temperature. For catalytic activity testing with
respect to temperature, the catalyst bed temperature (thermocouple
— T,) was controlled using a Eurotherm controller. A high precision
back pressure regulator (ULHT Equilibar BPR) was used for carrying
out 4 bar pressure experiments. Pretreatment includes reducing the
catalyst bed at 400 °C with 5%H,/Ar flowing at a space velocity of
24,000 N cm?/g,,, h and subsequently cooling down to 150 °C inside
the reactor.

Catalyst performance was evaluated as a function of temperature
(150-450 °C) and NO to NO, conversion in 10% NO, 6% O,, 15%
H,0 and rest Ar feed conditions with a space velocity of 24,000
N cm3/ggm, h. Tests were performed with the same feed composition
at ambient and 4 bar pressure. Due to the limitations of the BPR
diaphragm, for catalytic testing at 4 bar pressure the maximum bed
temperature was restricted to 400 °C. An infrared gas analyser (MKS
MultiGas 2030-HS FTIR Gas Analyser, 5.11 m path length) is used
to analyse the product stream and a mass spectrometer (Pfeiffer Vac-
uum ThermoStar GSD 301 T3 Benchtop Mass Spectrometer) is used
to monitor Ar and homonuclear diatomic molecules such as O, and
N,. The measurements of thermocouples (T; and T,), FTIR and mass
spectrometer are all in real-time with a precision of milliseconds.
Additionally, the time gap between the FTIR and mass spectrometer
is corrected by pulsing 5%NO, in inert.

Conversion of NO to NO, (%) is calculated as:

[NOJijpjer = [NOJgyys
NOcgonversion = XNo = 4 M[Ie\;o]inler il . 100 (€))
NOCatalytic Conversion = NOConversion - NOGas-Phase Conversion ()

where [NOJ,,,.; and [NO],,,., are the inlet and outlet concentration of
NO of the reactor. 4 = 0.99, accounts for the volume changes that arise
from the reaction [35]. Calculations of reaction orders and apparent
activation energy were performed at ambient pressure and catalytic NO
to NO, conversion was restricted below 15%. The apparent activation
energy was calculated with a feed composition of 10% NO, 6% O,,
15% H,0 and rest Ar, at WHSV = 24,000 N cm?/g,,,, h at 1 bar in
the temperature range of 340-366 °C with a catalytic conversion below
12% using Arrhenius plot. Prior to each reaction order measurement,
the catalyst bed temperature was stabilised at 350 °C for 2 h in a feed
of 100% Ar and reduced in 5%H,/Ar for 2 h to ensure that the catalyst
was in oxidation state Ru’. The approach to equilibrium (f) was
calculated as (PNOZ/(PNOXP%SXKM(T))’ where K, is the equilibrium

constant [15]. The values of  were in the range (0.0003-0.14), which
verifies that the applied reaction conditions are far from equilibrium at
350 °C and ambient pressure.

Longer isothermal runs were performed with 10% NO, 6% O,, 15%
H,O and rest Ar, at WHSV = 24,000 N cm3/ggm, h for 45 h at 350 °C.
To understand the temperature changes in the bed, the heat block
temperature (thermocouple - T,) was controlled and constant power
required for the catalyst bed to be at 350 °C was provided. Prior to
the long-term tests, heat block temperatures were raised from ambient
to 350 °C and dwell-ed up until the temperature in the catalyst bed
stabilised at 350 °C in 100% Ar flow. To ensure uniform heating from
the heat block to the catalyst bed, a 5-h isothermal run in inert flow
at WHSV = 24,000 N cm?/g,.,, h was maintained. The temperature
control profile for the catalyst bed in an inert atmosphere is presented
in Fig. S2 and the respective confidence interval fit during isothermal
operation (controlling thermocouple - T,) is presented in Fig. S3.
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3. Results and discussion
3.1. Chemical and structural characterisation

Table 2 catalogues physisorption, dispersion and elemental analysis
results of the catalyst samples and commercial gamma-alumina support
respectively. Impregnation of y-Al,0; with 0.5 wt.% Ru decreased the
total surface area to 230 m?/g. The surface area of Ruy ¢ g, catalyst
remained similar to the Ru ¢ catalyst sample, illustrating no loss in the
total surface area while reducing the catalyst. Spent Ruy. .- after activity
testing at 4 bar pressure had similar dispersion to that of Rugp ¢ r.s.NO
and Rug ¢ .4 catalyst samples, indicating no significant deactivation
due to sintering.

Fig. 2 presents X-ray diffractograms of the y-Al,0; support, with
Rup ¢, Rupcpeds Rugpcreano and Ruspc peg 7 catalyst samples
recorded in Cu K, radiation (1.54060 A). The diffractogram of the
Rugp c reano catalyst sample was collected after activity testing at
ambient pressure (see Fig. 5). There were no notable differences in the
X-ray diffractograms of the spent samples at ambient and 4 bar pressure
tests. For comparing and analysing diffractograms, the ICDD PDF-XRD
database was used. From the measured diffractograms, the y-Al,05
support appears to be less crystalline, and clear RuO, peaks (marked as
* in Fig. 2) can be seen in the Ru . catalyst sample when compared
to the XRD-PDF database. The appearance of highly crystalline RuO,
diffraction peaks in the diffractogram of the Ruy . catalyst indicates
the formation of bulk RuO,. No diffraction peaks corresponding to
metallic Ru were found for Ruy . However, Rug ¢ rey> RUsp c red.NO
and Rugp c s p7 Samples had only diffraction peaks corresponding to
metallic Ru (marked as ¢ in Fig. 2) and not RuO,. The Rugp ¢ reano
catalyst sample had additional peaks at 36, 38 and 72° corresponding
to SiC (marked as W in Fig. 2) from the experiment. The intensity
of Ru® peaks was weaker in Rugp ¢ geyNo> RUsp.c.req.Lr COmpared to
Rug ¢ p.q and the absence of RuO, peaks suggests surface oxidation or
presence of amorphous RuO,. The isothermal NO oxidation experiment
was repeated with another sample of Ruy ¢ g, catalyst for 2 h without
SiC dilution, which resulted in the same degree of Ru® diffraction peak
intensity reduction, which indicates that the reduction in diffraction
peak intensity is not due to dilution.

H,-TPR was performed on the Ruy . catalyst sample to understand
the reducibility of the catalyst and to confirm the reduction treatment.
From literature, Narkhede et al. and Balint et al. observed a three-
step reduction profile for unsupported Ru-based nanoparticles with a
complete reduction of RuO, to Ru at 284 °C [36,37]. However, the H,-
TPR profile of the Ru. (- catalyst shows a two-step reduction (see Fig. 3)
where the low-temperature peak is associated with the removal of
surface oxygen and the high-temperature peak is associated with bulk
RuO, reduction [38,39]. A complete reduction of the Rup . catalyst
is observed at 250 °C, similar to earlier observations [22,40]. From
the XRD diffractograms of Rur - and Ruf ¢ ., (presented in Fig. 2)
and the Ruy - hydrogen TPR profile (presented in Fig. 3), it is evident
that RuO, is reduced to Ru and that the catalyst activation procedure
is sufficient to obtain the required metallic phase of ruthenium. H,-
TPR curve of Rugp ¢ r.ano Presents a single peak of reduction which
coincides with Ruy - peak at 98 °C, which can be associated with
the presence of surface oxygen. Comparison of the Rugp c reano X-
ray diffractogram (see Fig. 2) and the H,-TPR curve (see Fig. 3), the
reduction in Ru peak intensity can be associated with surface oxidation
of Ru to form a surface layer of RuO,.

XPS analysis were performed on four catalyst samples, Rurc,
Rug ¢ peq> tWo samples of Rugp ¢ peq.s7 @nd Rugp ¢ geq 7 Sample. Two
individual 3 h isothermal NO oxidation at ambient pressure were
conducted with Ruy ¢ g, catalyst sample, where the experiment was
terminated when the oscillating catalyst bed temperature was highest
and lowest as presented in Fig. 7(d) the spent samples are referred to
as Rugp c peq.st —high or low. Fig. 4 presents C 1s and Ru 3d XPS
spectra of Rugp ¢, Rug c ey, two samples of Rugp ¢ peq.s7 (high and
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Table 2
N, physisorption results giving the BET surface area, Ru dispersion from CO chemisorption measurements, and metal loading for fresh Ru
catalyst.

Catalyst Surface area® [m?/g] Dispersion [%] CO uptake® [pmol g~'] Ru content” [wt.%]

y-ALO, 255 - - -

Ruyc 230 - - -

Ry gea 231 17% 16.02 0.42 + 0.02

RUgp ¢ pedno 225 20% 18.34 0.39 + 0.04
2 Average of two parallel experiments with the same material.
b The Ru content was measured by Agilent 8900 Triple Quadrupole ICP-MS (ICP-QQQ).
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Fig. 2. XRD patterns recorded for the y-Al,O; support (PDF-00-056-0458), with Ruy ¢, Ruf ¢ gess RUsp ¢ reano @nd Rugp ¢ geq 7 Catalyst samples in the 20 range 5-75° with Cu K,
radiation (1.54060 A). Diffraction peaks of SiC (PDF-00-049-1428) are represented as ll, RuO, (PDF-04-003-2008) are represented as * and Ru’ (PDF-00-006-0663) are represented
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Fig. 3. Stacked normalised H,-TPR profiles measured for the Ruy ¢, Rugp ¢ geano catalysts and y-Al,O; support with 5%H,/Ar in the temperature range 50-400 °C heated at a

rate of 5 °C/min at WHSV = 24,000 N cm?/g,,,, h at ambient pressure.

low) and Rugp ¢ geq.rr- Two different contributions associated with
metallic ruthenium and oxidised ruthenium can be fitted in the XPS
spectra of the catalysts shown in Fig. 4. The Ru 3ds5,, component of
metallic ruthenium is at a binding energy of 279.8 eV, in agreement
with Morgan [27]. The main Ru 3ds /2 component of ruthenium oxide
is at 280.4 eV for the Ru. (- catalyst sample (presented in Fig. 4(a)). The
fresh Ruy - catalyst sample had only Ru oxide contribution, however,
metallic Ru was found to be the major component for Rug c geqs
RuUgp c req.r7 @nd the two samples of Rugp ¢ geqs s7(high and low). Out
of the two high and low-temperature Rugp c g.s 57 Samples, the only
difference in the Ru(3d) spectra was a shoulder peak for Rugp ¢ res s

high sample, indicating surface oxidation. The Ru(3d) spectrum of
Rugp c gea.sT low is similar to Rug ¢ g., where no trace of Ru oxidation
was observed. However, although metallic Ru was the major compo-
nent for Rugp ¢ req 175 t0 achieve a satisfactory fit, a minor contribution
of Ru oxide was included.

3.2. Catalytic activity
HSC software [41] was used to simulate equilibrium composition

changes with respect to temperature at ambient and 4 bar pressure
with 10% NO, 6% O,, 15% H,0 and balance Ar (presented in Fig.
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S5). The results present RuO, to be the most favourable phase along
with the presence of nitrous acid and nitric acid. Fig. S8 presents the
conversion for Rug ¢ g,; and Ruy - catalyst samples, where Rur ¢ g4
dominates Ruy - conversion indicating metallic Ru to play a vital role
in catalyst activity towards NO oxidation. Figs. 5 and 6 show conversion
of NO to NO, as a function of temperature with 10% NO, 6% O,, 15%
H,0 over the Rug ¢ g,, catalyst along with the simulated equilibrium
curve (using HSC Chemistry software [41]) and gas phase conversion
at ambient and 4 bar pressure, respectively. Prior to activity testing,
an empty reactor run was performed (presented in Fig. S6), showing
that the NO conversion decreased with increasing temperatures which
confirms the inertness of the reactor material and surfaces verifying the
inverse Arrhenius behaviour [3]. To record gas phase conversion, the
reactor was loaded with only SiC and NO conversion was measured.
Activity tests were also conducted using a mix of y-Al,0; support and
SiC and resulted in similar activity as that of the gas phase conversion,
which confirmed the inertness of SiC and the support towards NO
oxidation in the measured temperature range (presented in Fig. S6).
The catalytic activity of the Rug ¢ g, catalyst had an onset temperature
of 320 °C at ambient pressure and 220 °C at 4 bar pressure. The
maximum conversion is obtained at 420 °C at ambient pressure and
at 340 °C in the 4 bar pressure test, after which the reaction becomes
thermodynamically limited and follows the equilibrium curve. From
comparing NO conversion (%) of a 1 wt.% Pt catalyst on the same
support, the 0.5 wt.% Ru catalyst meets the equilibrium conversion
at a lower temperature (see Fig. S7), thus exhibiting higher catalytic
activity. Bezkrovnyi et al. [42] proposed loss in Ru as volatile RuO,
during propane oxidation. Before and after the reaction, the fresh and
spent catalyst samples along with SiC were weighed to ensure no
changes in catalyst mass during catalytic activity. Additionally, ICP
analysis was performed on fresh and spent catalyst samples to confirm
no significant change in ruthenium loading (see Table 2). In-situ XAS
results presented in Figs. 9 and 8 in comparison to RuO, XAS profile in
Fig. S13 verifies absence of RuO, during NO oxidation. Also, the edge
step of Rug ¢ g,y and Rugp ¢ ., catalyst samples were the same, which
refutes any theory suggesting the formation of RuO,.

Binding Energy (eV)

, (d) Rugp e pegsr — low — and (e) Rugp ¢ s — catalyst samples with respective

Table 3
Reaction orders with respect to NO, O,, NO,, H,O partial pressures on the NO oxidation
rate at 350 °C with WHSV = 24,000 N cm’/g,,,, h at ambient pressure.

Specie Reaction order®
NO 1.8 + 0.024
0, 1.1 + 0.025
NO, —-1.0 + 0.028
H,0 -0.1 + 0.016

2 Confidence interval was estimated between three parallel experiments with the same
material.

Fig. S10 shows the effect of temperature on the rate of NO oxidation
to NO, for the Ruy ¢ g, catalyst. The apparent activation energy (E,)
of 152 kJ/mol is obtained in the temperature range 340-366 °C with
a catalytic conversion of 3%-12% at ambient pressure. The activation
energy of Ruy ¢ g.s is much higher than the activation energy of the
Pt-based catalysts (ca. 33 kJ/mol) reported by Mulla et al. and Salman
et al. [8,15], which may indicate different mechanisms on Pt and Ru
catalysts and thereby different rate-determining steps.

The NO oxidation reaction orders with respect to NO, NO,, O, and
H,0 at ambient pressure for the Ru ¢ ., catalyst are presented in Fig.
S11 and Table 3. An order close to 2 for NO is obtained, along with —1,
1, and 0 for NO,, O,, and H,O respectively. From our reaction order
results, it is clear that increasing concentrations of NO, in the feed or at
high conversion levels, limits oxidation of NO to NO, more than H,O.

3.2.1. Longer isothermal run

Fig. 7a presents a longer isothermal run of conversion of NO to
NO, along with the outlet oxygen (M/Z = 32) mass spectrometer signal
and catalyst bed temperature. The NO to NO, conversion increased in
the first 8 h and was stable for the rest of the isothermal run. From
comparing the extracted region (b) with (c¢) and (d) in Fig. 7, the NO,
conversion trend follows the oxygen (M/Z = 32) signal from the mass
spectrometer and is also correlated to the catalytic bed temperature.
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at 4 bar pressure.

The catalytic bed temperature increases as the outlet oxygen MS signal
decreases, which indicates oxidation. The spent catalyst X-ray diffrac-
togram after the longer isothermal run (Rugp ¢ g.s. 1) had no peaks of
oxidised ruthenium, but the intensity of metallic ruthenium peaks were
lower when compared to the diffractogram of Ruy ¢ g,, (see Fig. 2).

3.3. In-situ XAS-XRD of NO oxidation

To understand how Ru behaves under NO oxidation conditions, in-
situ characterisation was performed at BM31 of SNBL, ESRF, France.
Figs. 8 and S12 presents in-situ XAS-XRD comparison between fresh and
spent catalysts together with respective standards. Fig. 9 presents in-
situ XAS-XRD results of NO oxidation experiment in 0.5%NO, 1.3%0,.
0.75%H,0 and balance He. The catalysts were pre-reduced in hydrogen
by increasing the temperature from 50 to 400 °C, before subjecting it
to an isothermal NO oxidation run at 350 °C. All EXAFS spectra and
in-situ XRD used for analysis (in Figs. 8, S12 and 10) are collected at
50 °C.

From Fig. 8(b) and (c) plots and Fig. S12, the oxidation state of Ru in
Rug ¢ is +4 (ie RuO,) and in Ruy ¢ g.q> RUgp ¢ res RU appears to be in
metallic state. However, close examination of the pseudo radial distri-
bution plots, Rugp ¢ g.s appears to be slightly oxidised in comparison to
Ruz ¢ geq and Ru® standard (see (c) in Fig. 8). The intensity of metallic

Ru peaks in Rugp ¢ ., in the in-situ X-ray diffractogram is less intense
in comparison to the metallic Ru peaks in the Rug ¢ g,, diffractogram
(see Fig. S12). This was also observed in the ex-situ X-ray diffractogram
presented in Fig. 2.

Fig. 9 presents in-situ XANES data from NO oxidation at 350 °C.
MCR analysis was performed on the XANES data and two significant
components were extracted (see (b) of Fig. 9). An MCR-calculated
contribution plot is presented in (c) of Fig. 9 and an extracted filtered
version of the same contribution plot is presented in (e) in Fig. 9 for
the time span 50-70 min. The MS signal for O, (M/Z = 32) and NO,
(M/Z = 46) for the extracted time span are presented in Fig. 9(d). A
linear combination fitting (LCF) using Athena was also performed on
the two MCR-extracted components using RuO, and Ru’ XANES spectra
as standards. By comparing the results of in-situ XANES (presented
in (e) of Fig. 9) and LCF fitting presented in Fig. S16 and Table 4,
the ruthenium catalyst goes through cycles of slight oxidation and
reduction throughout the NO oxidation isothermal run (see Table 5).

From the in-situ XAS-XRD data presented in Figs. 8, S12, 9 and
S16, it is clear that during isothermal NO oxidation at 350 °C, Ru
goes through a cycle, in which it is slightly oxidised and then reduced
for NO, generation. Absence of oxidised Ru peaks in the in-situ X-ray
diffractogram (see Rugp ¢ p.ano XRD in Fig. 2 and Rugp ¢ g.s XRD in
Fig. S12) suggests the absence of bulk RuO, and the TPR profile of spent
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Fig. 7. (a) Longer isothermal experiment showing NO to NO, conversion (%) as a function of time at 350 °C with 10% NO, 6% O,, 15% H,O and rest Ar, at WHSV = 24,000
N cm?/g,,, h. (b) Extracted isothermal NO to NO, conversion (%) with respect to a time span (20-20.4 h). (c) Extracted outlet mass spectrometer signal of oxygen (M/Z = 32)
with respect to a time span (20-20.4 h). (d) Extracted catalytic bed temperature with respect to the same time span (20-20.4 h). Original whole data is presented in Fig. S9.

Table 4

Linear combination fitting (LCF) results for Ruy ¢ g,, and Rugp ¢ g, from Athena. The
reduced y? statistical parameter is used only as a means of relative comparison. Athena
uses a nonlinear least-squares minimisation function to fit the data, making it difficult
to use the “reduced y?” parameter to evaluate the quality of the fits (see Fig. S16).

Sample Ru’ Ru* Reduced x? (10~%)
Component 99.6% 0.4% 2.6
Component 71.6% 28.4% 1.1

Table 5

Path, coordination number/number of neighbours (CN), radial distances (R), Debye—
Waller factor (6?), and R-factor determined by EXAFS fitting of the Ru K edge on
Ruy ¢ geg @and Rugp ¢ g, in k-space, before and after isothermal NO oxidation using
Artemis. Fitting of Ru-Ru and Ru-O paths was also performed in k-space using the
metallic Ru (Ru®) and RuO, standards respectively.

Catalyst Path CN R @A) o2x1073 (A2) R-factor®
Ru® Ru-Ru 11.04 + 0.24 2.67 + 0.0008 4.45 + 0.0008 0.15
RuO, Ru-O 4.62 + 0.11 1.99 + 0.0014 3.0 + 0.0003
Ru-Ru 1.82 + 0.15 3.10 + 0.0031 3.8 + 0.0003 0.15
Ru-Ru 7.63 + 0.42 3.55 + 0.0013 4.9 + 0.0001
Ry RuRu 1157 = 0.26 2.68 + 0.0004 51 = 0.0009 0.15
Rugpc gy RU-RU 9.42 + 0225 268 + 0.0009 52 = 0.0001 0.16
Ru-O 1.129 + 0.24 191 + 0.0142 3.3 + 0.0012

2 The reported R-factor is for EXAFS k-space (y°) fit with a fitting window of
3-151 AL,

Rugp c reano (see Fig. 3) is consistent with the presence of surface
oxidation of Ru, which is in line with our proposed mechanism.

3.4. In-situ DRIFTS during NO oxidation

The Rug ¢ g,y catalyst surface was monitored using in-situ DRIFTS
while NO oxidation was performed. The results from isothermal NO
oxidation experiments are presented in Fig. 11 and step experiments are
presented in Fig. 12. All collected spectra were converted to absorbance
spectra using the background collected at 350 °C in Ar prior to the
reaction. IR wavenumbers referred to in Figs. 11 and 12 for differ-
ent nitrites/nitrates species and Ru-O, are presented as dashed lines
(“~="). The isothermal NO oxidation experiment was conducted in

four steps with IR data collection; (a) the Ru ¢ g,, catalyst sample was
heated and dwelled at 350 °C in 100% Ar for 30 min, (b) isothermal
NO oxidation was performed for 30 min, (c) then isothermal dwell for
30 min in 100% Ar and (d) oxygen purge (in 6%0,/Ar) for 30 min
after the reaction. During initial isothermal dwell in Ar (Fig. 11(a)), no
vibrational modes on the catalyst surface were detected. The situation
changed as we switched the conditions to NO oxidation. Strong bands
appeared in areas corresponding to different kinds of nitrates and
nitrites. According to literature, bands around 1230 cm™! attributes to
bridging nitrites ((M-O), = N) [43], whose presence is not very clear as
the IR data gets noisy in that region (presented in Fig. 11(b)). The bands
at 1300 cm™! and 1350 cm™! are associated with chelating nitrates (M-
20-N) and nitro compounds (M-NO,) [22,43], which exhibits intense
bands during the NO oxidation reaction (presented in Fig. 11(b)), but
are less intense after the reaction (in Ar) and disappears with oxygen
purge (presented in Fig. 11(c) and (d)). Much like the bridging nitrite,
bands at 1370 cm™! and 1392 cm™! associated with free nitrates (M-
NO;) and chelating nitro compounds (M-O-(NO)-M) respectively, are
shouldered by nitro compound peaks. A monodentate nitrate (M-O-
NO,) band at 1470 cm™! appeared when oxygen was used to purge the
catalyst surface after the reaction (presented in Fig. 11(d)). The bands
in the range 1565-1500 cm~! are normally associated with bidentate
nitrates (M-O,NO) and bands at 1650-1580 cm™! are attributed to
bridging nitrates ((M-O), = NO) [22,43]. Li. et al. [22] associated
peaks in the range 1868-1873 cm~! to NO adsorption on RuO,, and
Konstantin [43] associated peaks in the range 1882-1858 cm~! to
mononitrosyl adsorption on oxidised ruthenium (Ru"t). Isothermal NO
oxidation at 350 °C was also performed on alumina (presented in Fig.
S17). There were no notable peaks detected in the range of 2000-
1700 cm~!, indicating that the bands found in Fig. 11(b) and (c) in the
same range are associated with oxidised ruthenium. Also, less intense
bands associated with bridging and bidentate nitrate were found on
alumina (see Fig. S17), indicating nitrate formation increased due to
the presence of ruthenium. The intense band corresponding to nitro
compounds at 1350 cm™~! is present during NO oxidation on both the
alumina support and the Rug ¢ ., catalyst. From Fig. 11(c), 30 min
of evacuation in Ar was not sufficient to remove nitro compounds,
but most of the other species desorbed. O, purge was required to
evacuate nitro compound from the Ru ¢ g,, catalyst surface (presented
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Fig. 8. (a) Overview of the in-situ XAS-XRD programme at the Ru K edge. (b) EXAFS profiles collected in He atmosphere at 50 °C at the Ru K edge of Ruy ¢, Ruy ¢ g.s> RUsp ¢ reas
RuO, and Ru’. (c) EXAFS R space plots at Ru K edge of Rug ¢ g,s» Rigp e pess RUO, and Ru’.

in Fig. 11(d)). During O, purge both groups of bands associated with
bridging and bidentate nitrates exhibited an increase in intensity fol-
lowed by a decrease over time. However, the band at 1873 cm™!
intensified at the end of the oxygen purge step (presented in Fig. $23).
From empty reactor conversion and gas phase NO conversion on alu-
mina presented in Fig. S6, it is clear that alumina alone does not have
any NO oxidation activity at 350 °C. Hence, we speculate the presence
of these nitrites/nitrates/nitro compounds on alumina as a result of the
gas-phase conversion of NO and O,, while on the Rug ¢ g,, catalyst, it
is a result of both gas-phase conversion and catalytic activity.

In-situ DRIFTS step experiments were conducted on Ruy ¢ g, cata-
lyst at 350 °C (presented in Fig. 12), with each successive six-minute

step and alternating transition between oxygen and nitric oxide in
argon. From (a) and (b) of Fig. 12, it can be observed that the band
at 1873 cm™! starts increasing in the presence of O,. As there is no
presence of nitric oxide at this stage, the band at 1873 cm™! cannot be
associated with nitrosyl adsorption as suggested by Li. et al. [22] and
Konstantin [43]. As the conditions are switched to NO/Ar (Fig. 12(c)),
the band at 1873 cm™! is sharpened and shifted by 14 cm™!. This band
changes shape for every NO-O, switch step (step (c) to (d)), and the
band was present even when the conditions were switched to 100% Ar
(step (g) in Fig. 12). This presence of the band, compared with intense
NO, signal in the FTIR for every NO-O, switch (presented in Fig. S18),
indicates desorption of NO,. There are sharp bands corresponding to
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1650-1580 cm~! bridging and 1565-1500 cm~! bidentate nitrates that
were formed initially for every O,-NO switch step (step (b) to (c)) and
slowly became less intense with time, but were present throughout step
(c) to (g) of the experiment. This characteristic of an intense band along
with intense NO, signal in the FTIR (presented in Fig. S18) indicates
decomposition of NO; to NO,. A chelating nitro compound band at
1392 cm~! was seen and was present throughout steps (d) to (g) of
the experiment with no notable changes.

With every NO-O, switch step (step (c¢) to (d)), the band at
1230 cm™! disappeared with a marginal increase in bridging, bidentate,
and chelating nitrate bands and a relatively low NO, signal in the FTIR
(presented in Fig. S18). This event in connection with the changes
in the band at 1873 cm~! suggests that oxygen has the capacity to
form surface nitrates. The amount of NO, formed is proportional to
the intensity of the FTIR signal (presented in Fig. S18), i.e. the more
NO, the more intense the FTIR gas analyser signal is. The FTIR raw
signal is larger during the O,-NO switch step with diminishing NO;
DRIFTS IR bands over time than in the NO-O, switch step, which
indicates the decomposition of nitrates as the most favourable route
for NO, production. The bands associated with free nitrates, mon-
odentate nitrates, and nitro compounds were absent throughout the
step experiments. From Fig. 11(b) and (c), it is observed that the
nitro compound band at 1350 cm~! does not disappear after switching
to an inert atmosphere. However, other nitrite/nitrate bands slowly
become less intense, which indicates strong metal-nitrite interaction.
An oxygen purge was required to desorb M-NO,(strong adsorption)
from the catalyst surface ((d) in Fig. 11).

From the results of isothermal NO oxidation and step experiments
(presented in Figs. 11, 12 and S18), two discernible regions contribut-
ing to the NO, product were identified. Region 1 (2000-1730 cm™!)
include the band at 1873 cm™!' which corresponds to mononitrosyl
adsorption on Ru”* [22]. The bands in region 2 (1650-1600 cm™!) are

11

associated with various types of bridging nitrates. From step experi-
ments ((b)—(c) and (d)—(e) presented in Fig. 12), the band at 1392 cm™!
associated with chelating nitro compound also changes in accordance
with region 2.

Since the 30 min isothermal NO oxidation DRIFTS data of the
Rug ¢ g4 catalyst are noisy, MCR analysis was not possible to perform
on the entire range of the spectra. Hence, MCR analysis was exclusively
carried out only in the range 2000-1730 cm~! (Region 1) and 1650—
1600 cm™! (Region 2) for isothermal NO oxidation data of the Ruy ¢ g.q
catalyst (presented in Fig. 11(b)). The MCR results are presented in Fig.
$19, S20, S21 and S22, where three components were identified in the
analysed spectral range for region 1 and two components for region 2.
A clear spectral shift of 14 cm~! was observed during the reaction in
region 1. We do not fully understand the spectral shifts in region 1, but
we are inclined to think that the spectral shifts between components
2 and 3, and the connected events from step experiments (presented
in Fig. 12) are due to mononitrosyl adsorption and desorption on Ru"*
during the reaction.

It is unclear how NO oxidation takes place on the intensively studied
Pt catalysts at low and high concentrations of NO [15,17,18]. Apart
from Li. et al. [22], hardly any literature exists on NO oxidation on Ru
or RuO, catalysts. Li. et al. [22] applied in situ DRIFTS to study Ru/TiO,
catalysts during NO oxidation at diesel exhaust conditions, where they
observed a decrease in adsorption of NO species with increasing tem-
perature and formation of nitrites and bridging nitrates by oxidising NO
at 300 °C. They also mentioned that the pathway for NO, formation
is difficult to distinguish and at temperatures above 275 °C, NO,
decomposition takes place along with NO oxidation. Stenzel et al. [44]
studied NO adsorption on Ru(001) at low temperature (~—178.15 °C)
and ambient temperature, where they observed the formation of an N-O
specie at —178.15 °C which disappeared as the temperature increased
to room temperature. They also observed that oxidised Ru prevents
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the formation of these N-O species on Ru. Martin et al. [45] observed
Ru metal oxidation by partial dissociative adsorption of NO, followed
by NO chemisorption on oxidised Ru at 299.85 °C. Guglielminotti
et al. [46] studied nitric oxide adsorption on reduced and oxidised Ru
catalysts and found that NO is likely to adsorb more on oxidised Ru at
temperatures higher than 250 °C. Sokolova et al. [47] examined nitric
oxide adsorption and decomposition chemistry on ruthenium black and
alumina-supported ruthenium catalysts. The work concluded that NO
adsorption proceeds via nitrite and nitrate complex routes and also
that NO is more likely to adsorb on oxidised Ru at temperatures above
300 °C.

From oxygen adsorption studies on single-atomic ruthenium, oxy-
gen was found to adsorb dissociatively on Ru at ambient tempera-
tures [48]. According to Montemore et al. [49], O, tends to dissocia-
tively adsorb on Ru(0001) even at 100 K for low oxygen coverages,
while at high coverages, O, tends to chemisorb. DFT studies indicated
a stable peroxo O, state on Ru surfaces with a low dissociation bar-
rier [49]. Diulus et al. [50] studied thermal oxidation of Ru to RuO,
using XPS, where they observed the formation of meta-stable O-Ru-O
structures at 350 °C.

Salman et al. [8] proposed a Langmuir-Hinshelwood mechanism
with NO as the most abundant reaction intermediate and desorption
of NO, as the rate-limiting step for Pt/y-Al,O; catalyst. The above-
mentioned literature studies clearly stipulate that oxygen tends to
chemisorb or dissociatively adsorb on metallic Ru, whereas adsorption
of NO is preferred on oxidised Ru forming nitrite/nitrates on the RuO,
surface.

From in-situ XANES and EXAFS we hypothesise that surface oxida-
tion of ruthenium takes place during NO oxidation (see Figs. 8-10). The
absence of RuO, peaks in the in-situ and ex-situ X-ray diffractograms
of the spent catalyst samples (presented in Figs. 2 and S12) indicates
that bulk ruthenium oxides are not formed. The H,-TPR profile of the
Rugp ¢ reano catalyst exhibited an easily removable oxide, most likely
related to the catalyst surface. It was clearly observed that the catalyst
surface was oxidised at the end of both DRIFTS experiments (presented
in Figs. 11, 12 and S23). XPS results (presented in Fig. 4) verify this
hypothesis.

45 h long isothermal activity measurements (presented in Fig. 7)
and MCR analysis on in-situ XANES (Fig. 9) and DRIFTS NO oxida-
tion (Figs. 11, S19 and S21) data provided insights regarding catalyst
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stability and the cyclic process of oxidation and reduction for NO,
generation.

From the above results and literature, we propose that the first step
to NO oxidation is the dissociative adsorption of oxygen on the ruthe-
nium surface, followed by nitrites and nitrates formation due to the
interaction with NO. The latter hypothesis leads to a non-elementary
reaction step and is purely based on DRIFTS results (presented in
Figs. 11 and 12). The strong adsorption of NO, (presented in Figs. 11
and S23)and its disappearance due to the O, purge indicates this to
be a limiting step for NO oxidation on the ruthenium-alumina catalyst.
Comparing the raw FTIR signals during the O,-NO switch step with
the NO-O, switch step, indicates the decomposition of nitrates as the
most favourable route for NO, production (presented in Figs. 12 and
S18). Hence, we propose the following Eley-Rideal mechanism for NO
oxidation with NO adsorbing on oxidised Ru, with nitrites/nitrates
formation and further generation of gaseous NO, by dissociation of
adsorbed NO;:

Ky
0, + 2*=20*

(6)
K, )
2NO +30"=-NO;3"* + NO,"+* 7)
K3
NO;*=-NO, + O* ®
ky
NO,* +0.50,— NO;* )

Here * represents a free active site, k; and K; denotes rate constants
and equilibrium constants respectively. Since oxygen adsorption is a
necessity for NO adsorption, we assume O as the MARI and NOj;
generation by NO3-O, interaction as the rate-limiting step. The rate can
be expressed as:

Ky.Ky.ky.PLo Po, (Po))*?
=

= (10)
K;.Pyo, (1 + (K Py,)")

When the surface coverage of adsorbed O is larger than the fraction of
free sites, 6, > 1. The rate expression simplifies to:

(K1)*3. Ky ky. P Po,
r=

an
K3.Pxo,
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ky-Kg.Pg-Po,
¢y = ——

(12)
Pro,

where K; = ((K1)0~5.K2/K3). No other mechanism was found to satisfy

experimental observations and the state of ruthenium in the presence

of oxygen.

4. Conclusions

NO oxidation activity of 0.5 wt.% Ru/y-Al,O5 catalyst was studied
with a feed containing 10% NO, 6% O,, 15% H,0 and balance Ar at
ambient and 4 bar pressures, simulating close to industrial nitric acid
conditions. The effect of pressure and temperature was investigated at
nitric acid synthesis conditions, and a suitable reaction mechanism was
proposed.

The reduced Ru catalyst exhibited high catalytic activity, showing
a maximum conversion level of 72% at 4 bar pressure in 10% NO,
6% 0O,, 15% H,0 and balance Ar. Increasing the pressure to 4 bar
shifted the maximum catalytic activity to a lower temperature (340 °C)
than obtained at ambient pressure (420 °C). At ambient pressure,
an apparent activation energy of 152 kJ/mol was found. The NO
oxidation reaction was found to be second order with respect to NO,
first order with respect to O, and inversely dependent on the NO,
partial pressure. The inverse dependency on the product NO,, indicates
that the reaction is favourable at higher temperatures (lower gas-phase
oxidation), which is in line with previous studies on NO oxidation at
various NO concentrations. The catalyst was also stable throughout
45 h of isothermal NO oxidation at ambient pressure. In-situ XAS-
XRD and DRIFTS experiments revealed the redox mechanism on how
the catalyst generates NO,. These results illustrate that the alumina-
supported ruthenium catalysts are promising catalysts for industrial
nitric acid production.
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